Dystrophic muscle disease can occur at any age. Early-or childhoodonset muscular dystrophies may be associated with profound loss of muscle function, affecting ambulation, posture, and cardiac and respiratory function. Late-onset muscular dystrophies or myopathies may be mild and associated with slight weakness and an inability to increase muscle mass. The phenotype of muscular dystrophy is an endpoint that arises from a diverse set of genetic pathways. Genes associated with muscular dystrophies encode proteins of the plasma membrane and extracellular matrix, and the sarcomere and Z band, as well as nuclear membrane components. Because muscle has such distinctive structural and regenerative properties, many of the genes implicated in these disorders target pathways unique to muscle or more highly expressed in muscle. This chapter reviews the basic structural properties of muscle and genetic mechanisms that lead to myopathy and muscular dystrophies that affect all age groups. 
MUSCLE STRUCTURE
The basic cellular unit of voluntary muscle is the myofiber. Myofibers are elongated, multinucleate cells. During development and regeneration, myofibers arise from the fusion of singly nucleated myoblasts to form myofibers. Individual myofibers are encased in an endomysial sheath of connective tissue, and groups of myofibers are encased in epimysial connective tissue (Figure 1) . The ends of myofibers form myotendinous junctions, a specialized attachment for bony insertion that can withstand considerable force. The cytoplasm of each individual myofiber is highly organized, containing chains of sarcomeres that run parallel to the length of the myofiber. Electron-dense Z bands define the borders of each sarcomere, and individual sarcomeres are composed of actin-containing thin filaments and myosin-containing thick filaments (Figure 2) . The heavy chain of myosin hydrolyzes ATP to provide the energy for muscle contraction. The rate at which myosin hydrolyzes ATP is proportional to the speed of muscle contraction. Slow type I and fast type II fibers express different myosin isoforms and can be distinguished by enzyme histochemistry in the ATPase reaction (Figure 1d ). The fiber type is determined by the innervating motor neuron in the spinal cord. The motor unit is the functional unit of one motor neuron and all the myofibers innervated by it.
Several groups of muscle diseases present as weakness, cramping, or muscle pain. These include the congenital myopathies, the muscular dystrophies, myotonic disorders, storage diseases, mitochondrial diseases, and inflammatory myopathies. These primary muscle diseases are distinct from neuropathic diseases and disorders of neuromuscular transmission. This review focuses on myopathies arising from defects of cytoskeletal, sarcomeric, and membrane-associated proteins of the plasma membrane and the nucleus ( Table 1) . Historically, the diseases that fall into this group were classified on the basis of features such as the pattern of inheritance, the age of disease onset, and the primarily affected muscle groups. The increasing ability to link these entities to specific genetic defects has greatly increased our understanding of these diseases.
MUSCLE DEGENERATION AND REGENERATION
Muscle damage typically takes the form of myofiber necrosis and regeneration (Figure 3 ). This process can be segmental, involving only a part of an individual myofiber. The necrosis is associated with membrane damage and leakage of cytoplasmic proteins, such as creatine kinase (CK) and lactate dehydrogenase, that can serve as serum markers of muscle damage. The basement membrane of the necrotic fiber remains as a scaffold for the regenerative process. Muscle is highly regenerative. The regenerative process occurs with the organization of necrotic cytoplasmic debris by inflammatory cells. Depending on the degree of damage, the time course of muscle regeneration occurs over one to three weeks. Mature muscle contains mononuclear cells that reside between the basement membrane and the plasma membrane or sarcolemma of each myofiber. The nuclei of these mononuclear cells selectively take up bromodeoxyuridine,
Figure 2
Transmission electron micrograph and schematic representation of a sarcomere, the basic functional contraction unit in skeletal and cardiac muscle. The A band (anisotropic as seen under polarized light) marks the extent of the thick myosin filaments and is indicated by the green box in the schematic diagram. The thin actin filaments are anchored at the Z disc. The area where the thin filaments do not overlap with the thick filaments is the I band (isotropic as seen under polarized light). The membrane overlying the sarcomere is also shown.
indicating mitotic activity. These two features, the mitotic activity and the location between the plasma membrane and the basal lamina, were used to define muscle satellite cells (1). Experimental evidence supports that the origin of the satellite cell is the myotome (2), but additional evidence suggests that 
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LGMD, EDMD Emerin (EMD) EDMD bone marrow-derived cells may contribute to muscle regeneration (3). Satellite cells are activated by injury. As quiescent cells, satellite cells divide and maintain the satellite cell pool. With injury, satellite cells activate and then differentiate into myoblasts (for a review, see Reference 4). Myoblasts represent a committed cell that will eventually withdraw from cell cycle activity and express genes found in myotubes. Myoblasts can fuse to each other or to existing myotubes to generate new muscle. The nuclei from myoblasts that have recently fused to an existing myofiber are found in the center of myotubes. Within one to three months, these nuclei will assume a peripheral position near the sarcolemma, as is characteristic of the mature myofiber.
Because most muscle disease involves myofiber damage or degeneration, regeneration is a feature of all muscle disease. Although central nucleation is seen in normal muscle fiber, an increase in the number of centrally nucleated myofibers may indicate an ongoing degenerative or necrotic process. The muscle biopsy, viewed perpendicular to the long axis of the myofiber, remains the gold standard for evaluating muscle disease. The main muscle biopsy changes found in myopathic diseases are the presence of necrotic myofibers and regenerative myofibers. Necrotic myofibers contain variable amounts of amorphous cellular debris, inflammatory cells, and satellite cells. Regenerative myofibers are characterized by their enlarged nucleus and basophilic RNA-rich cytoplasm. After the reconstitution of the sarcomeric myofiber architecture, the myofiber nuclei maintain a centralized position away from their normal subsarcolemmal location for several weeks. In addition, myopathic diseases also show an increased variation in myofiber size with regenerating fibers that tend to be smaller, and with unaffected fibers that may show compensatory hypertrophy. In diseases associated with prolonged, continued myofiber injury, the regenerative process fails to maintain normal skeletal muscle architecture. In these cases, increased connective tissue in the form of interstitial fibrosis and fatty replacement are evidence of the chronicity of the disease (Figure 3) .
CONGENITAL MUSCULAR DYSTROPHIES
The congenital muscular dystrophies (CMDs) are apparent at birth, manifesting frequently as a "floppy" infant lacking muscle tone. CMD is a feature of Walker-Warburg Syndrome, muscle-eye-brain disease, and Fukuyama-type CMD. In these disorders, additional neurologic features such as lissencephaly and ocular and retinal defects may occur and may reflect a failure of neuronal migration. The genes mutated in the CMDs encode enzymes that contribute to O-linked glycosylation (5-9). In general, asparagine-linked glycosylation is common to more proteins, with only a minority of proteins undergoing O-linked glycosylation-usually on serine residues. A major target protein affected by these diverse genetic disorders is α-dystroglycan, as it is known to undergo O-linked glycosylation (10, 11). As discussed in more detail below, dystroglycan is a core component of the dystrophin glycoprotein complex (DGC) (12). Dystroglycan is composed of two subunits produced from a single gene (Figure 4) . Dystroglycan is broadly expressed, and α-dystroglycan is variably glycosylated with tissue specificity (13). β-dystroglycan is a transmembrane protein that anchors α-dystroglycan.
Although extramuscular involvement is common in CMDs, not all genes in this class lead to extramuscular involvement. For example, mutations in the gene encoding the fukutin-related protein (FKRP) associate DGC: dystrophin glycoprotein complex more with muscle defects with less severe or absent central nervous system findings (14, 15). The degree to which there are central and peripheral nervous system findings can be partially explained by the specific responsible mutations. As such, genotype-phenotype correlation in these disorders may, to some degree, be predicted by the amount of glycosylated α-dystroglycan present. In CMDs, muscle has a dystrophic appearance and, consistent with this, patients may have an elevated serum CK, indicating disruption of the sarcolemma (16). Immunostaining of muscle biopsies with antibodies directed at core residues in α-dystroglycan may appear normal, as may antibodies directed at β-dystroglycan. Immunostaining with antibodies directed at the glycosylated forms of α-dystroglycan generally show a reduction proportional to the severity of disease. The decrease in α-dystroglycan glycosylation may be nonuniform along the length of the myofiber. The genes associated with CMDs are thought to encode glycosyltransferases ( Figure 5) (17, 18) . Where antibodies have been generated, it appears these proteins are resident in the Glycosylation defects associated with congenital muscular dystrophy. During posttranslational processing in the rough endoplasmic reticulum and the Golgi apparatus, dystroglycan is glycosylated. Deficiency in any of these enzymes has been linked to diseases and muscle dysfunction. POMGnT1, protein O-mannose 1,2-N-acetylglucosaminyl transferase; FKRP, fukutin-related protein; POMT1/2, protein O-mannosyltransferase; LARGE, like acetylglucoseaminyltransferase; DG, dystroglycan.
Golgi apparatus or in the endoplasmic or sarcoplasmic reticulum (19) (20) (21) (22) . One form of CMD arises from mutations in the gene encoding the α2 chain of laminin (23, 24). In muscle, the major basement protein laminin is composed of the α1, α2, and γ chains to form merosin or laminin-2. Although the defect here is not one that affects glycosylation of dystroglycan directly, merosin is a major ligand for α-dystroglycan; thus, disruption between the extracellular matrix and the membrane occurs, albeit by a mechanism distinct from that in the CMDs listed above.
THE MUSCULAR DYSTROPHIES

Duchenne Muscular Dystrophy
Muscular dystrophies in children or adults are characterized by a progressive muscle weakness that may have a predilection for certain muscle groups. Childhood-onset muscular dystrophies are usually lethal, owing to associated cardiac muscle or respiratory muscle weakness. Duchenne muscular dystrophy (DMD) represents the most common Xlinked inherited disorder. DMD is produced by mutations in the dystrophin gene on the X chromosome, and most affected boys are diagnosed in the first few years of life. DMD boys display delayed walking, falling, a toe gait, and calf hypertrophy. Commonly, serum CK levels are substantially elevated. Gross deletions or duplications in the dystrophin gene account for 60% of mutations, and these mutations are detected by a PCR-based blood test (25). The efficacy of this test is such that many DMD boys are no longer subjected to muscle biopsy.
As much as 40% of DMD patients do not have a large gene deletion or duplication; instead, a point mutation is responsible for their disorder (26). A number of these point mutations may insert novel stop codons, and this is the mechanism for the dystrophic phenotype in the mdx mouse model. The mdx mouse displays many of the histopathologic features seen in DMD, but these mice-unlike their human counterparts-remain ambulatory and have only a mildly reduced lifespan. A point mutation in exon 23 creates a novel stop codon and truncation of the dystrophin protein (27). Recent strategies for treatment design target stop codon read-through as a mechanism for treating these DMD patients (28). At least 10% of DMD patients may be treated with this approach. Novel agents with improved read-through capabilities and a reduced side-effect profile are being developed and tested. These compounds are associated with a systemic delivery that leads to an increase of 10-30% over normal dystrophin protein levels (29).
Gene deletions that only partially disrupt dystrophin protein expression are usually associated with the milder phenotype of Becker muscular dystrophy (BMD). Many of these mutations produce internally deleted dystrophin that lacks spectrin repeats but maintains the core actin-binding and carboxyterminal regions. For many BMD patients, a muscle biopsy may be helpful in providing a diagnosis that may be essential for genetic counseling. Maternal carriers of DMD-associated dystrophin gene mutations can show symptoms of mild muscle weakness. Cardiomyopathy may manifest in female dystrophin mutation carriers owing to X-inactivation, which affects the wild-type dystrophin locus that remains in these women (30).
Dystrophin is a large protein and a central component of the DGC that provides stability to the sarcolemma (Figure 6 ). Dystrophin has a calponin-like actin-binding domain at its amino terminus and 24 spectrin repeats interrupted by four hinge points (31). The carboxyl terminus of dystrophin binds β-dystroglycan directly (32). The amino terminus and regions along the spectrin-repeat rod domain bind to cytoplasmic γ-actin, forming a mechanically strong link (33). In the absence of dystrophin, muscle contraction enhances membrane disruption and produces myofiber damage. Disruption of the myofiber can be imaged by uptake of the vital tracer Evans blue dye The dystrophin glycoprotein complex (DGC). The main components of the DGC are the sarcoglycan complex, the dystroglycan complex, and dystrophin. Through binding to laminin in the basement membrane on the extracellular site and binding to actin on the cytoplasmic site, this complex is thought to provide stability to the sarcolemma during the mechanical changes that accompany muscle contraction. Neuronal nitric oxide synthase (NOS), dystrobrevins, syntrophins (α-syn and β-syn), filamin, and sarcospan (SSN) are additional dystrophin-associated proteins.
nNOS: neuronal nitric oxide synthase (34, 35). Gene replacement experiments have identified a minimal region of dystrophin required to protect muscle against contractioninduced damage (36). These experiments indicate that an intact actin-binding domain, four spectrin repeats, and the carboxyl terminus are needed to replace dystrophin function. Membrane disruption that arises from the loss of dystrophin leads to an increase in intracellular calcium content, which promotes a series of pathogenic events including calcium-activated proteolysis and sarcomere dysfunction (37). The carboxyl terminus of dystrophin links it to the remainder of the membraneassociated DGC (38, 39). The DGC includes cytoplasmic and transmembrane components, and the entire complex encompasses mechanical and signaling roles (40, 41). The cytoplasmic components of this complex include the dystrobrevins, small proteins that bind directly to dystrophin, and have homology to the carboxyl terminus of dystrophin. The PDZ domain-containing syntrophins bind to dystrobrevin and to neuronal nitric oxide synthase (also known as nNOS or NOS1). In the absence of dystrophin, the cytoplasmic DGC components, in addition to the transmembrane components dystroglycan and sarcoglycan, are destabilized at the sarcolemma. The loss of dystrophin leads to the displacement of nNOS from the sarcolemma, and this displacement mediates abnormal contractioninduced vasorelaxation (42, 43) . The relationship of this loss to disease pathogenesis is not entirely clear because the loss of nNOS from the plasma membrane is insufficient to produce a dystrophic phenotype (44) . It is more likely that the loss of nNOS from the membrane plays a contributory role in that it may augment tissue damage in response to dystrophin loss.
In DMD, the muscle biopsies show myopathic changes with myofiber degeneration and regeneration (Figure 7) . With disease progression, the muscle shows increasing fatty replacement and endomysial fibrosis. Immunohistochemistry demonstrates the absence of the normal sarcolemmal staining for dystrophin. Immunostaining biopsies of DMD patients for the remaining DGC components reveal secondary deficiencies of the sarcoglycans, dystroglycan, and the syntrophins as evidence of the incomplete assembly of the remaining DGC in the absence of dystrophin. In BMD, the biopsy changes develop at a much more protracted pace, and immunohistochemical staining may only show LGMD: limb-girdle muscular dystrophy deficient staining for certain domains of the protein.
Limb-Girdle Muscular Dystrophies: The Sarcoglycans
The sarcoglycans are transmembrane elements that form a tight unit within the DGC (40, 45) . There are at least six sarcoglycan proteins, although the major sarcoglycan complex found at the muscle membrane is composed of four sarcoglycan proteins, α, β, γ, and δ. Mutations in these genes are the underlying defects in a subset of the recessively inherited limb-girdle muscular dystrophies (LGMDs). ε-sarcoglycan was identified on the basis of its high homology to α-sarcoglycan, and mutations in the gene encoding ε-sarcoglycan lead to myoclonic dystonia (46) . ζ -sarcoglycan was identified on the basis of its homology to γ-and δ-sarcoglycan, and mutations in this gene have not been described (47) . Patients with LGMD due to sarcoglycan gene mutations have a presentation similar to the phenotypic range seen in DMD and BMD. Mutations in the α-sarcoglycan gene are frequently point mutations that may associate with milder phenotypes (48) . Frameshifting and select point mutations may lead to severe phenotypes. There is a common frameshifting deletion in the gene encoding γ-sarcoglycan that has been described in many distinct populations consistent with a common disease allele (49) . The identical mutation in the γ-sarcoglycan gene can produce a phenotype of varying disease severity in humans and in mouse when placed in different genetic backgrounds. These findings suggest that genetic modifiers may influence the phenotypic outcome in the muscular dystrophies (50) .
The basic pathogenic features in muscle biopsies from sarcoglycan mutant patients are indistinguishable from those found in DMD or BMD muscle. Antibody staining to the sarcoglycan subunits is often all depleted in response to mutations in any single sarcoglycan gene (51) . An exception to this is with mutations in γ-sarcoglycan, where residual sarcoglycan staining can be present but the phenotype may still be severe. α-sarcoglycan gene mutations may also display residual sarcoglycan expression at the plasma membrane. Mutations in sarcoglycan subunits generally do not affect the distribution of dystrophin. Thus, mutations in dystrophin lead to the loss of the sarcoglycan subunits from the plasma membrane, but the reverse is not true as sarcoglycan gene mutations leave dystrophin intact. As the phenotypes are equally severe from dystrophin and sarcoglycan gene mutations, it is therefore the disruption of the sarcoglycan complex, as the common molecular feature, that is critical for the dystrophic process. Mutations in γ-and δ-sarcoglycan produce a similar phenotype in mouse models. Despite phenotypic similarities, these two mutations do not cause similar disruptions in the sarcoglycan complex, but result in muscle damage through different pathways. Loss of δ-sarcoglycan causes contraction-induced muscle damage similar to that seen in dystrophin mutations (52) . The γ-sarcoglycan mutation is not associated with the same type of mechanical damage, implicating a separate mechanism for the myopathic changes. These results indicate that the sarcoglycan complex may serve important functions beyond maintaining mechanical strength as part of the DGC.
Smooth muscle dysfunction may be present in DMD patients. However, there are differences between the DGC in striated and smooth muscle. Notably, the sarcoglycan complex in vascular smooth muscle is composed of ε-, β-, δ-, and ζ -sarcoglycans (53) . Interestingly, vascular spasm can occur in response to sarcoglycan gene mutations (54) . Vascular spasm is thought to be most pathogenic to the heart, affecting the coronary artery vasculature. Restoration of cardiomyocyte δ-sarcoglycan expression in the background of δ-sarcoglycan null animals was sufficient to eliminate coronary artery vascular spasm. Therefore, vascular smooth muscle defects in DGC mutations can arise from vascular smooth muscle cell extrinsic processes (55).
Limb-Girdle Muscular Dystrophies: Dysferlin
Dysferlin is the protein product of the LGMD type 2B locus and is a membrane-associated protein with a long cytoplasmic domain (56). Dysferlin is not associated with the DGC and plays a distinct pathogenic role when disrupted. Dysferlin is homologous to the Caenorhabditis elegans protein fer-1, named for its role in fertilization defects in C. elegans mutants (57). In fer-1 mutants, there is a defect in vesicle fusion to the plasma membrane of the maturing sperm, leading to fertilization defects (58). Specifically, in fer-1 mutants, there is an accumulation of submembranous vesicles. Similarly, in dysferlin mutant muscle, there is also an accumulation of submembranous vesicles (59-61). In a manner analogous to fer-1, dysferlin mediates membrane-resealing events required for the muscle membrane repair in mature muscle (62). Laser-mediated sarcolemmal disruptions are repaired much more slowly in dysferlin mutant muscle compared with normal muscle (61). In these studies, it was confirmed that sarcolemmal resealing in response to damage is a calcium-sensitive event. Interestingly, resealing in the absence of calcium occurred at the same slow pace as resealing in the absence of dysferlin. These findings are consistent with a role for dysferlin as the calcium sensor for vesicle fusion that mediates sarcolemmal resealing (63).
The cytoplasmic domain of dysferlin contains six C2 domains, and C2 domains are implicated in calcium and phospholipid binding. The C2 domains of the synaptotagmins display homology to those found in dysferlin, and synaptotagmins mediate the calcium sensitivity of membrane fusion events associated with the neurotransmitter release at nerve terminals (64). The first C2 domain of dysferlin binds a mixture of phosphotidylserine and phosphotidylcholine only in the presence of physiologically relevant calcium concentrations (65). Calcium-dependent phospholipid binding is abolished by a point mutation in the first C2 domain of dysferlin, and this mutation produces muscular dystrophy. The closely related protein myoferlin is highly expressed in myoblasts undergoing fusion to myotubes, and its first C2 domain displays similar phospholipid-binding capacity to that seen for dysferlin (66). Mice lacking myoferlin display reduced muscle size, and in culture myoferlin null myoblasts fuse less well and do not form large myotubes (67). These findings implicate myoferlin in the membrane fusion events associated with myoblast fusion to existing myotubes.
LGMD 2B muscle biopsies display findings similar to those associated with other forms of muscular dystrophy, with the exception that an inflammatory infiltrate may be seen as a prominent feature with dysferlin gene mutations (68, 69). This finding may be so great as to mimic inflammatory myopathies such as what is seen in polymyositis or inclusion body myositis (70). A subset of biopsies may show a decrease in dysferlin staining, yet have a normal dysferlin gene indicating an alternative mechanism for reducing dysferlin and for producing muscle pathology. Miyoshi myopathy is a mild form of muscular dystrophy associated with dysferlin gene mutations that selectively affects the gastrocnemius muscle but spares other musculature. The identical mutation can be associated with the more severe LGMD or Miyoshi myopathy, indicating that additional genes and/or environmental factors may contribute strongly to modulate the dystrophic process (71).
Limb-Girdle Muscular Dystrophies:
Calpain, Titin, Caveolin, TRIM32, Myotilin, and Telethonin 72) . Mice lacking calpain-3 have been generated and recapitulate aspects of the human phenotype of LGMD. Calpain-3 likely has a number of proteolytic targets, but filamin C, a muscle-specific filamin, is cleaved by calpain-3 in a manner that alters the binding of filamin C to subunits of the sarcoglycan complex (73). Calpain-3 is important for sarcomere turnover, and its pathways are distinct and upstream from ubiquitin. In addition, calpain-3 binds directly to titin, the giant protein that spans sarcomeres (74). Mutations in titin lead to LGMD and the milder tibial myopathy. The murine model muscular dystrophy with myositis (mdm) is associated with a mutation in titin's NB2 domain that interacts with calpain-3 (75).
EDMD:
Several other gene products have been implicated in the formation of muscular dystrophy, including caveolin-3, TRIM32, and myotilin. Caveolae are membrane invaginations that participate in localizing components and proteins in the membrane. Caveolin-3 is found inserted in the membrane, and dominant and recessive mutations are associated with muscular dystrophy, as well as with more mild disorders (76). Caveolin-3 may be selectively reduced in response to dysferlin gene mutations (77). TRIM32 is a ubiquitin ligase that binds to myosin and ubiquitinates actin and thereby participates in sarcomere recycling (78). Myotilin is a Z band-associated protein that binds to other Z band proteins, and defects in myotilin lead to dominantly inherited muscular dystrophy (79). The full role of myotilin is not appreciated, but its pathogenicity may be related to what is seen from mutations in other sarcomereassociated genes such as telethonin or, potentially, α-actinin (80). In addition, a subset of these disorders is associated with nemaline myopathy, where an accumulation of nemaline rods can be found in the cytoplasm as an indicator of a pathologic disease process (81).
MUTATIONS OF NUCLEAR MEMBRANE-ASSOCIATED GENES
Emery Dreifuss muscular dystrophy (EDMD) is an X-linked disorder associated with progressive muscle weakness and contractures. With EDMD, cardiac involvement such as atrioventricular heart block is frequent. Mutations in the gene encoding the nuclear membrane protein emerin produce EDMD (Figure 8) . Emerin is a 34-kDa protein that embeds in the inner nuclear membrane. Emerin contains within its primary structure an LEM domain, named for its presence in lamin-associated protein 2, emerin, and MAN-1. The LEM domain of emerin binds to barrier-to-autointegration factor (BAF). BAF is small peptide that oligomerizes and directly binds to DNA (82). Its position at the nuclear membrane coupled with its partnering to BAF suggests that the inner nuclear membrane may play a role in scaffolding chromatin. Emerin is a broadly expressed protein, yet mutations in this gene primarily affect muscle (83).
Dominantly inherited forms of EDMD (AD-EDMD) are more common (84). Mutations in the gene encoding inner nuclear membrane protein lamin A/C (LMNA gene) are responsible for AD-EDMD. Lamins A and C are type V intermediate filament proteins that form much of the structural apparatus of the inner nuclear membrane of postmitotic cells (85). Lamins A and C dimerize and then form higher-order structures to provide tensile strength to the nucleus. In most postmitotic cells, lamins A and C dominate the composition of the inner nuclear membrane intermediate filaments. In cells undergoing division, lamin B is more likely to be the dominant intermediate filament protein of the inner nuclear membrane.
Exactly how mutations in broadly expressed genes lead to tissue-specific phenotypes that affect muscle is not known. Several nonexclusive hypotheses may explain this phenomenon. LMNA gene mutations may
Nuclear lamina
Outer nuclear membrane Nuclear membrane proteins. Lamin A/C forms a scaffold at the inner nuclear membrane linked to other proteins, including emerin ( yellow), nesprin 1-α ( green), lamin-associated protein 2 (LAP2) (blue), and MAN-1 ( purple). These proteins are thought to be involved in providing mechanical strength to the nucleus. In addition, LAP2, emerin, and MAN-1 bind directly to barrier-to-autointegration factors that can bind heterochromatin.
render the nuclear membrane weakened such that abnormal function develops when these nuclei are subjected to the force associated with muscle contraction. This mechanical weakness hypothesis may explain some of the susceptibility of striated muscle to mutations and defects in the nuclear membrane. Evidence supporting the mechanical hypothesis was found in murine cells engineered to lack LMNA (86). In these homozygous null cells, maximal normalized nuclear strain was increased in LMNA null fibroblasts. Cytoskeletal stiffness was reduced and nuclear fragility was increased in LMNA fibroblasts. Interestingly, defective nuclear factor-kappa B (NF-κB) signaling was associated with the loss of LMNA. These observations were made in fibroblasts from LMNA null mice, and therefore investigators argued that those cells most subject to stress and thus strain, such as muscle, would be the most adversely affected by loss of LMNA. A similar defect was associated with the loss of emerin (87).
Many mutations in LMNA are not lossof-function mutations, but instead are dominant point mutations that may produce gainof-function activity and affect other attributes of the nuclear membrane. A second hypothesis to explain how LMNA gene defects target certain cells and tissues may relate to DM: myotonic dystrophy other nuclear functions perturbed by mutations in LMNA. The nuclear membrane regulates intracellular transport, DNA synthesis, and gene transcription. The observation that many LMNA mutations preferentially target postmitotic cells, such as myofibers and cardiomyocytes, may indicate defects in nuclear transport or that gene expression may more likely explain the underlying cellular defect associated with LMNA gene mutations. Not all LMNA mutations may lead to phenotype through the same mechanisms. In support of this, recent data indicate that LMNA mutants are associated with defects in skeletal muscle regeneration (88-90). The regenerative defect may explain aspects of the muscle phenotype seen in autosomal-dominant EDMD patients, but may not fully explain the accompanying cardiac defects.
MYOTONIC DYSTROPHY
Myotonic dystrophy type 1 (DM1, or Steinert's disease) is one of the most common genetic disorders, affecting 1 in 8000 individuals. DM1 is associated with a trinucleotide expansion on chromosome 19. In subsequent generations within a family, increased expansion of this repeat sequence produces an earlier age of onset consistent with classic genetic anticipation, similar to neurodegenerative disorders such as Huntington's or the spinocerebellar ataxias. The findings in DM1 are those of progressive muscle weakness and myotonia. Myotonia is characterized by a delay in muscle relaxation after normal contraction and by characteristic changes on electromyography. The typical electromyography manifestations are high-frequency muscle fiber discharges of waxing and waning amplitude. Extramuscular findings include cardiac atrioventricular heart block and cardiomyopathy, cataracts, testicular failure, disruption of sleep, and profound fatigue (91). Neuropsychiatric abnormalities may also be present. The trinucleotide expansion on chromosome 19 falls within the 3 end of the myotonic dystrophy protein kinase (DMPK) gene, and aspects of the cardiac dysfunction may relate to the disruption of the function of DM protein kinase. The trinucleotide expansion also encompasses the promoter of the adjacent SIX5 gene, and deletions of this gene recapitulate extramuscular aspects of the DM1-associated phenotype.
Myotonic dystrophy is associated with a nucleotide repeat expansion. The current favored hypothesis is that myotonia relates to a gain of function associated with the production and accumulation of CUG repeatcontaining RNA within the nuclei of DM1 patients (Figure 9) . Transgenic overexpression of the trinucleotide repeat associated with an inconsequential gene (human skeletal Effect of CTG repeat expansion in myotonic dystrophy type 1 (DM1). Expansion of the CTG triplet repeat in DM1 is thought to result in the nuclear accumulation of RNA containing the abnormal CUG expansions. By binding muscleblind-like (MBNL), these repeats are thought to sequester MBNL, creating a functional state of MBNL deficiency. This results in abnormal splicing in functionally important proteins such as chloride channel, insulin receptor, and troponin T. DMPK, myotonic dystrophy protein kinase.
actin) was sufficient to produce myotonia and muscle wasting (92). In this case, the transgene was expressed only in muscle, thereby limiting the pathology to muscle. This finding was extended further when it was observed that expanded, expressed repeats sequester the muscleblind proteins, limiting their normal participation in RNA binding (93, 94). The loss of muscleblind proteins results in abnormal splicing of a number of genes (95). Target genes whose RNA is improperly spliced include the insulin receptor, the chloride channel, myotubularin, tau, and troponin T, proteins that play roles in the variable aspects of the phenotype of DM1. Mice with targeted gene disruption of muscleblind genes develop myotonia and have confirmed the role of muscleblind genes in specific deregulation of splicing (96). As it is this myotonia that defines the disorder, these animals display the typical, small, polyphasic short-duration motor unit potentials as electromyography findings. Particularly interesting is that misregulation of splicing is not uniform, but rather, affects a subset of gene products.
A clear genotype-phenotype correlation does not exist, except in the broadest sense for myotonic dystrophy. For CTG nucleotide repeat expansions less than 400, there may be some correlation with phenotype. For longer repeats, there is less correlation. Individuals with profound expansions between two subsequent generations with maternal inheritance are more likely to suffer congenital myotonic dystrophy. Congenital myotonic dystrophy is a severe, neonatal-onset disorder that can be lethal or lead to very early onset of diseases associated with cognitive impairment, in addition to profound muscle weakness. In general, CTG trinucleotide repeat expansions can be quite variable in their presentation with respect to the degree of muscle weakness. The pattern of muscle weakness in DM1 frequently involves the facial muscles, with ptosis, difficulty closing the eyes and mouth, and difficulty chewing being among the earlier signs. Weakness can affect any muscle and FSHD: fascioscapulohumeral muscular dystrophy usually progresses. The histological phenotype of DM1 (Figure 7) on muscle biopsies is much more variable than that of DMD. Often there is very little evidence of myofiber necrosis. This is also reflected in often near-normal CK levels. Instead, the most prominent features are often internalized central nuclei and variation in fiber size, with atrophic changes that predominantly affect type I fibers and some compensatory type II fiber hypertrophy. Chronic changes in the form of fibrosis and fatty replacement develop at a much more variable rate than in DMD.
Myotonic Dystrophy Type 2
Not all patients with a DM-like phenotype showed an expansion in the chromosome 19 region, nor did these individuals link to this region genetically. A second locus on chromosome 3 was mapped and subsequently identified. DM2, like DM1, is associated with an expansion in untranslated RNA (97). The DM2 region arises from a CCTG tetranucleotide repeat expansion in zinc finger protein 9. The phenotype with DM2 repeat expansions may be milder, especially with respect to the cardiac phenotype, although cardiac involvement can occur (98, 99) . Presently, evidence supports that DM2, like DM1, is associated with a similar RNA-mediated toxicity (100). Finally, there are clearly patients with a DM-like phenotype who do not have expansions at either the chromosome 19 or chromosome 3 locus, suggesting that other repeats can expand and be expressed highly enough to participate in similar processes.
FASCIOSCAPULOHUMERAL MUSCULAR DYSTROPHY
Fascioscapulohumeral muscular dystrophy (FSHD) is the third most common form of inherited myopathy and is a dominantly inherited form of progressive muscle wasting (101, 102) . FSHD is striking for its predilection to involve discreet muscle groups. Muscles of the face are characteristically affected,
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Sarcopenia:
age-related loss of muscle mass that may interfere with daily living with ptosis being a prominent feature. Scapular winging is common. Molecularly, FSHD is associated with a deletion that affects the subtelomeric region of chromosome 4q. A 3.3 kb repeated DNA sequence termed D4Z4 is normally found over a 50-300 kb region, with 11 to 150 copies of the repeat. In FSHD patients, there are typically fewer than 11 repeats present in this region, and this effective deletion is thought to have a positional effect on neighboring genes. Most patients with an FSHD-like phenotype display a reduced number of D4Z4 repeats, and there appears to be little genetic heterogeneity when strict diagnostic criteria are used. Curiously, there is a similar repeat constellation at the subtelomeric region of chromosome 10p, but in this case alteration of the repeats at this locus is not associated with a muscle phenotype or any other extraskeletal manifestation. The prevailing theory is that the D4Z4 repeat produces the phenotype through a positional effect because D4Z4 contains a transcriptional silencer. A recent study directly examined this hypothesis through overexpression of three potential target genes on 4q. FRG1 (FSHD region gene 1) is located approximately 100 kb centromeric to the D4Z4 region. Overexpression using murine transgenesis of FRG1, but not FRG2 or ANT1, was sufficient to produce a myopathic phenotype consistent with the notion that overexpression of FRG1 is toxic to muscle and, therefore, pathogenic in FSHD (103) . These findings, although intriguing, may not fully account for the pathogenesis of FSHD because whether FRG1 is abnormally overexpressed in FSHD muscle remains in debate (104) .
In addition to these studies, the telomeric region of chromosome 4q is also found at the nuclear periphery, unlike other telomeric regions (105) . Although this position is not thought to be different between FSHD mutant and normal cells, this nuclear positioning may further influence gene expression of neighboring genes and provide a distinct, potentially additional mechanism for positioneffect variegation.
REGULATORS OF MUSCLE GROWTH: THERAPY BEYOND MUSCLE-WASTING DISORDERS
In addition to these disorders, there are other causes of muscle degeneration, and the most common form of muscle wasting, sarcopenia, occurs with aging. The mechanisms that underlie sarcopenia are probably multifold and likely include defects of muscle growth or regeneration. Several distinct and important pathways that mediate growth and regeneration during development and in adult life, including mature or older animals, have been uncovered in recent years. There are at least two pathways being pursued as treatment strategies in muscle-wasting disorders. In both cases, the effects of these pathways are not specific to diseased muscle and may be expanded upon to treat sarcopenia.
Myostatin, also known as growth and differentiation factor 8, is a member of the transforming growth factor β family of proteins (106) . Myostatin is a natural inhibitor of muscle growth and is highly expressed in muscle. Mice engineered to lack the myostatin gene display a profound increase in muscle mass with more than a 200% increase in muscle size. Myostatin is processed to form a dimer and binds the activin type IIB receptor and subsequently activates SMADs and affects gene expression. Myostatin can bind to follistatin in a latent complex. Mice overexpressing follistatin similarly show an increase in muscle mass (107) . A number of naturally occurring alleles of myostatin loss of function have been described in large animals, leading to the double muscling phenotype in cattle. Myostatin shows promise as a therapeutic target because an antibody that inhibits muscle growth can lead to an increase in muscle mass in normal muscle (108) . In addition, myostatin inhibition in the background of the mdx mouse that lacks dystrophin also produced larger and stronger muscles (109) . Most recently, myostatin inhibition has also been achieved through peptide inhibition (110) . In addition to its role in muscle hypertrophy, myostatin exerts an effect on the proliferation and differentiation of muscle precursor cells or myoblasts.
Insulin-like Growth Factor-1
Insulin-like growth factor-1 (IGF-1) mediates growth of a number of somatic tissues, including muscle. Specific forms of IGF-1 mediate muscle growth in the setting of normal and dystrophic muscle. Transgenic overexpression of IGF-1 leads to a profound increase in muscle mass, similar to what is seen with the deletion of the myostatin locus (111) . Interestingly, this result is highly dependent on the specific splice form of IGF-1 used. IGF-1 may act locally as well. Viral delivery of IGF-1 is also effective at generating enhanced muscle mass both normally and in the setting of dystrophic muscle (112) . A small form of IGF-1, known as muscle growth factor, is thought to be very effective at increasing muscle mass when delivered locally (113) .
SUMMARY
Genetic studies have identified a large number of distinct monogenic causes of muscular degeneration and muscular dystrophy. The phenotype associated with these disorders varies and includes the mildest weakness to the most profound loss of skeletal muscle function. Subsets of genes implicated in the muscular dystrophies share specific pathologic defects. The DGC, including dystrophin and the sarcoglycans, is essential for the mechanosignaling maintenance of plasma membrane stability in muscle. Dysferlin and, potentially, caveolin facilitate membrane repair. Calpain, potentially titin, and TRIM32 may mediate protein turnover. Proteins of the Z band such as myotilin and telethonin may have diverse roles related to sarcomere stability and signaling. Nuclear membrane proteins mediate dystrophic pathology by providing structural integrity to the nuclear membrane and potentially through epistatic mechanisms. Myotonic dystrophy is associated with a toxic RNA pathology, whereas FSHD arises from a positional effect on gene expression. These diverse mechanisms lead to the common pathway of muscle degeneration and weakness, and therapy aimed at stimulating muscle growth may be effective against these common pathways. Other approaches to therapy, such as stop codon read-through, require the detailed specific knowledge of the gene defect. Because skeletal muscle regeneration is ongoing and mediated by the fusion of mononuclear stem cells, cell-based therapy may prove effective at introducing corrected genes into the multinuclear syncytium that is mature muscle. 
